This study investigates the early ages of hydration behavior when basaltic volcanic ash was used as a partial substitute to ordinary Portland cement using ultra-small-angle X-ray scattering and wide-angle X-ray scattering (WAXS). The mix design consisted of 10, 30 and 50% substitution of Portland cement with two different-sized volcanic ashes. The data showed that substitution of volcanic ash above 30% results in excess unreacted volcanic ash, rather than additional pozzolanic reactions along longer length scales. WAXS studies revealed that addition of finely ground volcanic ash facilitated calcium-silicate-hydrate related phases, whereas inclusion of coarser volcanic ash caused domination by calcium-aluminum-silicate-hydrate and unreacted MgO phases, suggesting some volcanic ash remained unreacted throughout the hydration process. Addition of more than 30% volcanic ash leads to coarser morphology along with decreased surface area and higher intensity of scattering at early-age hydration. This suggests an abrupt dissolution indicated by changes in surface area due to the retarding gel formation that can have implication on early-age setting influencing the mechanical properties of the resulting cementitious matrix. The findings from this work show that the concentration of volcanic ash influences the specific surface area and morphology of hydration products during the early age of hydration. Hence, natural pozzolanic volcanic ashes can be a viable substitute to Portland cement by providing environmental benefits in terms of lower-carbon footprint along with long-term durability.
Introduction
Cement hydration is a complex process that involves the formation of colloidal structures in its aqueous phase [1] . This hydration process, with its colloidalformed structure, usually occurs in the presence of additives, or supplementary cementitious materials (SCMs). The morphological nature of such formed structures in the presence of additives plays an important role in determining the setting, aging and mechanical properties of the resulting composite material. SCMs are mixed into the Portland cement prior to adding water; as soon as the water comes in contact with the mix, the SCMs react and form hydration products. Such hydrated inorganic products (sol) undergo a slow condensation reaction (gel) with continual increase in the silicate (the most abundant chemicals in cement paste) chain length and more cross-linking. Hence, as time passes, a dense matrix is formed. The range of colloidal microstructures can be determined/studied using scattering techniques. Since the gel is relatively condensed, synchrotron-/X-ray-based scattering technique will be useful to study the size of the prismlike/globules/fractals (irregular/fragmented shape) formed during the hydration process [2] [3] [4] [5] [6] [7] . At an early age of the cement paste hydration reaction, the globule size and its aggregates are expected to be in the range of * 1 nm-10 lm. This range of size can be studied by ultra-small-angle X-ray scattering (USAXS) (1 nm-10 lm). Additionally, small-angle scattering techniques are helpful for determining in situ the early-age surface area of the cement paste as a function of time. This is not possible with other techniques; for example, N 2 sorptiometry requires a relatively dry sample. To date, limited research has been performed using synchrotron techniques to study the early-age hydration product formation when SCMs are mixed with Portland cements [8] [9] [10] [11] [12] [13] [14] [15] . An in-depth insight into the resulting microstructure will help in providing systematic guidelines for selection of the optimum content and type of additive for developing functionalized and engineered durable concretes.
Mixing SCM with Portland cement leads to hydration products of complex morphology. Smallangle neutron/X-ray scattering (SANS/SAXS) are powerful noninvasive techniques for examining complex microstructure of hydration products. In recent years, small-angle scattering has been used extensively to study the volume and surface fractal dimensions of C-S-H and the water inside the porous medium [7, [16] [17] [18] . Dynamic time evolution of hydrating ordinary Portland cement (OPC) microstructure at an early age has been studied by various researchers [2, 8, 15, [18] [19] [20] [21] . Sequential time evolution starts with the dissolution of aluminosilicates, followed by nucleation and initial gel formation. Gelation is succeeded by reorganization and polymerization, leading to hardening of the cement paste. Recently, SANS was used to detect the lamellar structure and interface between water and hydrated C-S-H layers [18] . This SANS study had determined the globule morphology of C-S-H with alternating layers of water and calcium silicate layers. An analytical model was used to relate the water content inside the layers of C-S-H determining the changes in the morphology of C-S-H globules [18] .
Allen et al. [6] characterized C-S-H using USAXS/ SANS and obtained the structure of C-S-H as a globule, although recent studies show the C-S-H has disk-like structure [2, 18] . Additives to Portland cement diversify/increase the formation of hydration products, including calcium-aluminum-silicate-hydrate (C-A-S-H) and magnesium-silicate-hydrate (M-S-H). Recent work has shown that M-S-H has a spherical morphology with an average radius of 17 nm [22] . Portland cements mixed with additives result in a complex phase morphology, which is difficult to decipher as the structures are formed at various length scales.
Most small-angle scattering studies have been performed on pure C-S-H gel-based systems [6, 7, 18 ], but few have been performed on Portland cements mixed with SCM [2, 8] . Current studies show that volcanic ash from Saudi Arabia can be an excellent SCM for up to 30% substitution of Portland cement [23] [24] [25] . This volcanic ash is rich in aluminosilicate and possesses pozzolanic properties. It is produced by an active volcano in the Arabian Gulf region in Saudi Arabia, which also generates a significant amount of volcanic rocks. Significant energy and manpower have been used to send this volcanic rock as waste to landfills. Therefore, there is an abundance of volcanic ash or volcanic rocks pulverized to a powder that can be used as a SCM. Successful utilization of volcanic ash in Portland cements can provide an economic and environmentally friendly solution to natural waste disposal in the Arabian Gulf and other regions.
The purpose of this study is to provide an insight into early-age hydration mechanism when Portland cement is partially replaced by pozzolanic volcanic ash. A critical insight into engineering mix design is provided using in situ experiments at various length scales, from nano-to micrometer. The combination of USAXS/SAXS/WAXS helps in determining the microstructure in terms of surface area and phases resulting due to the addition of volcanic ash. Complex morphology of cement paste has an extended range of structural length scales (from 1 nm to a few lm), which control various aspects of their in-service performance. It is therefore critical to simultaneously characterize as large range of sizes as possible with one technique, on the same volume of sample, and at the same time (as oppose to in separate experiments). Such measurement provides results with much less ambiguity related to sample homogeneity and sample/experimental conditions reproducibility.
The current work examines the effect of the concentration and particle size of volcanic ash when it is used as a partial replacement to Portland cement. Surface area per unit volume was extracted at specific time intervals using USAXS data to investigate the effect of volcanic ash concentration during early period of hydration. Additionally, phases were identified using WAXS analysis at intermittent time intervals to examine the progression of the first 2 months of hydration. The findings from this study provide a basis for understanding the morphology and growth of hydration products that could affect the rheological and mechanical properties of the resulting cementitious binder. To the best of our knowledge, this is the first time the influence of volcanic ash additives on Portland cement pastes has been studied via WAXS or wide-angle X-ray diffraction (WAXD) and USAXS techniques.
Materials and methods

Materials and preparation of cement pastes
Cement paste combinations were prepared using volcanic ash and ordinary Portland cement (OPC) type I. Ground volcanic ash was procured from Pozzolan Product Factory, Jeddah, Saudi Arabia. An in-house ball mill was used to grind the ash to a finer size, which was denoted as FA. The particle size distribution analysis was performed on volcanic ash and OPC by suspending them in isopropyl alcohol using a laser light scattering technique with a Micromeritics Saturn DigiSizer. The particle size analysis of volcanic ash and Portland cement is given in Table 1 .
The chemical composition of OPC and volcanic ash was measured using X-ray florescence (XRF) spectroscopy, and the results are given in Table 2 . The sum of silicon oxide (SiO 2 ), aluminum oxide (Al 2 O 3 ) and ferric oxide (Fe 2 O 3 ) components for the raw volcanic ash is 64.3%, indicating that the material is a Class C type of ash according to ASTM C 618 [26] .
Methods
Cement paste combinations were prepared using dry mix of OPC and volcanic ash (see Table 3 ) and a 0.35 water-to-cement ratio. A water-to-cement ratio (w/c) of 0.35 was selected so that sufficient water is available to form hydration products and to facilitate incorporation of volcanic ash during the hydration process.
Ultra-small-angle X-ray scattering (USAXS), small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) USAXS and WAXS studies were conducted at USAXS beamline 9ID of the Advanced Photon Source (APS), Argonne National Laboratory, Lemont, IL [27, 28] . An X-ray energy of 18 keV was used to minimize multiple scattering and absorption in the sample. Using both the USAXS and SAXS detection modes, a small-angle scattering Q range from 0.0001 to 1.5 Å -1 was used for this experiment; addition of WAXS extends this range to 6 Å -1 . Data were collected for 2.5 min per data set per specimen for 10 h. Prior to exposure to X-rays, it took about 2 min to prepare and mount the sample. USAXS data were reduced using the standard SAXS data analysis packages Indra and Nika that were developed at APS [27] .
The absolute calibrated small-angle scattered intensity, I(Q), was measured over several decades of the scattering vector magnitude, Q [29] :
where k is the incident wavelength and / s is the scattering angle. The scattering invariant was calculated by the Irena SAS package [20] ,
where u is the solid volume fraction, dR dX Q ð Þ is the differential scattering cross section and Dq 2 is the scattering contrast between pores and the solid. The solid volume fraction is the volume of the solid penetrated by the X-ray beam [30] . This can be used to indirectly measure of the amount of cementitious matrix, excluding the gel pores. The Irena tool program package [27] along with the model by Allen and Thomas [20] and Bumrongjaroen et al. [15] was used to analyze the scattering data and to obtain the specific surface area.
The specific surface area per unit specimen volume (S T ) can be determined by small-angle scattering as:
where C P is the Porod constant and Dq j j 2 is the scattering contrast between the voids and the solid phase. Porod constant (C P ) values can be obtained from the unconstrained intercepts of fits of Iq 4 versus q 4 [7] . The flat background scattering was subtracted out of both data and fit for convenience. In this study, unified fit tool in the Irena SAS package was used to determine the specific surface area. Larger microstructure features can be related to the small-angle scattering results at the low Q range, whereas smaller features can be related to the results at the high Q range. At high Q values in the Porod regime, the intensity of the scattering becomes directly proportional to the total internal surface area of the specimen (see Fig. 1 ). In addition, a fractal microstructure model can be applied to the USAXS/ SAXS data to determine the fractal exponent and fractal morphology of the C-S-H gels. A surface with roughness is known as surface fractal, whereas a fractal object with a network or cluster is known as the ''mass or volume fractal'' [31, 32] .
It is worth mentioning here that, although X-ray scattering and neutron small-angle scattering are governed by the same formulas, they see the same microstructures differently. Whereas X-ray scattering is dominated by heavier elements (denser electron cloud) and light elements scatter weakly, neutron scattering does not depend on element weight and in many cases light elements scatter more strongly that heavier ones. Thus, a combination of radiations can provide a more elaborate characterization of complex engineering materials. Wide-angle X-ray scattering (WAXS)-also commonly referred to as powder diffraction or XRDdata from a 2D area detector were reduced for 2h angle and intensity; these data were analyzed for phases using HighScore Plus software using ICDD database. The data were collected at a wavelength of 0.5904 Å and thus shift the peaks in 2h compared to XRD obtained with Cu Ka radiation.
Results and discussion
Ultra-small-angle X-ray scattering (USAXS) USAXS data were collected for 555 min with an 8-9-min time interval after initial mixing to track the immediate effect of volcanic ash with Portland cement during the early age of hydration (see Fig. 2a ). The data were reduced to a standard data scattering cross section versus Q format with absolute intensity calibration and were desmeared to correct for slit smearing of the instrument geometry scattering cross section versus Q [27, 28] . For simplicity of analysis, the Q regions were divided into low (0.0001-0.001 Å -1 ), medium (0.001-0.01 Å -1 ) and high Q (0.01 to -1 Å -1 ) regions. USAXS plots for OPC at low, medium and high Q values are shown in Fig. 2b-d . It is important to analyze the scattering data at a range of Q values to gain physical insight into the hydration process at a range of length scales, from smoother to coarser morphology. At lower Q values, larger microstructural features and surface fractal scattering result from the deposition of hydration product on the Portland cement and the resulting formation of a coarse surface [33] . At medium Q values, scattering is controlled by a volume fractal structure created by the random agglomeration of the C-S-H particles. High Q values are dominated by single-particle scattering that is affected by the form factor. Form factor, or shape factor, contains intraparticle information and relies on both the size and the shape of the scattering particle [34] . However, caution has to be exercised when analyzing polydisperse systems such as cement paste since the individual hydration products have different shapes, sizes and chemical compositions and therefore a single expression of form factor does not hold [35] . In the low Q regime after 9 min of hydration, a shift in the scattering was observed that can be attributed to the dissolution process. During hydration, the Portland cement, which contains C 3 S, C 3 A, C 2 S and C 4 AF, reacts with water while forming C-S-H along with other crystalline products such as portlandite. With the increase in the time of hydration, an increase in scattering intensity was observed and attributed to the formation of C-S-H gels. The development of C-S-H gel structure increases at high Q, while shrinking of unreacted cement clinker core diminishes at lower Q values [5] .
The time dependencies of the changes in hydration at early age usually depend on the heat output from the hydration reactions that are affected by the concentration of volcanic ash in Portland cement. FA-10 sample consisting of 90% OPC and 10% volcanic ash of mean size 6 lm showed the least intensity at low, medium and high Q ranges (refer to Fig. 2) . The IP specimens prepared with 17-lm volcanic ash showed an increase in intensity as the replacement of OPC with volcanic ash increased from 10 to 50%. IP-10 specimens had almost the same intensity as the OPC sample at low and medium Q, but slightly lower intensity in the high Q region. A detailed analysis of the data in low, medium and high Q regimes follows.
Low Q values correspond to larger microstructural features. At low Q values, the intensity is maximum for IP-50, followed by FA-50, IP-30, FA-30, IP-10, OPC and FA-10 (see Fig. 2b ), because scattering intensity at lower Q correlates with larger microstructural features. These data suggest that samples with 50% volcanic ash had larger microstructural products and coarser morphology. FA-10 showed the least intensity at low Q, suggesting that the Portland cement clinker grains were consumed with the hydration time. Additionally, these data indicate that finersized volcanic ash is getting involved in the reaction forming smaller sizes and smoother surface hydration products.
At medium Q values, scattering is primarily dominated by volume or mass fractals, which correspond to random agglomeration of the C-S-H globules. In comparison with the low Q values, FA-50 had the highest intensity followed by FA-30, IP-50, IP-30, OPC, IP-10 and FA-10 in the medium Q region (see Fig. 2c ). This indicates that FA-30 had a higher volume fractal than IP-50. Surface fractal deals with the roughness of only surfaces, whereas mass fractal deals with mass and surface systems alike [31, 32] . Volume fractal, also known as ''mass fractal,'' is a structure accommodating branching and cross-linking to form a three-dimensional network [36] . For cement pastes prepared with 17-lm volcanic ash, an increase in volume fractal component with an increase in volcanic ash percentage from 10 to 50% was detected. However, when 6-lm-sized volcanic ash was used, FA-30 had the highest intensity, suggesting that it had higher volume fractals than FA-50 and FA-10 samples. This suggests that an optimum limit exists around 30% substitution of OPC with volcanic ash that controls the fractal regimes which directly affect the hydration product formation even at the early age of curing.
In the high Q regime, smaller features are probed, and the response is mostly controlled by the formation of low-density C-S-H gel [37] . At high Q values, single-particle scattering dominates and relies on the form factor. In this study, the cement paste is a mixture of phases with different shapes/sizes, causing difficulty in distinguishing the single-particle scattering effect. In the high Q regime, FA-10 showed the highest intensity followed by FA-30 and FA-50. IP-50 had the least value in the high Q regime, signifying that as the concentration of 17-lm volcanic ash increased, the ash that was not involved in the hydration itself and instead contributed to the scattering (see Fig. 2c ). Furthermore, because the low Q scattering is lower in some cases, which means that the ash is incorporated in the cementitious matrix, and thus, scattering is observed by the ash itself. Thus, it was concluded that reducing the particle size of volcanic ash from 17 to 6 lm facilitated its involvement in the hydration and thus resulted in lower scattering intensities among FA samples when compared to their IP counterparts.
In this situation, OPC has much finer particle size than volcanic ash (see Table 1 ), as the reaction progress when volcanic ash is blended with OPC leads to thicker reacted zone while resembling a volume fractal component. Additionally, at higher volcanic ash contents, greater contact between OPC and volcanic ash indicates a larger aluminosilicate source is available to react with water, forming rapid hydration products. These results are similar to the work performed by Allen and Livingston [8] , which shows that addition of silica fume increased the surface area by forming a finer morphology indicating C-S-H formation. Compared to OPC, volcanic ash has high alumina and magnesium content, which contributes to the formation of heterogeneous phases consisting of C-S-H, C-A-S-H, and M-S-H [25] . Nonetheless, addition of volcanic ash can also generate significant C-S-H and other forms of C-S-H with varying Ca-toSi ratios [38] . However, the significant increase in surface area due to 50% volcanic ash content may also be influenced by the net surface area of the volcanic ash itself that is not involved in the formation of C-S-H, C-A-S-H or other related hydration gels.
Surface area analysis
Specific surface area in m 2 /g for first 600 min and after 58 days of hydration is shown in Fig. 3a, b , respectively. The USAXS power law slopes were measured from the scattering curves in the Q range from 0.0030 to 0.018 Å -1 . Surface area was obtained from the high Q values since the intensity of scattering is directly proportional to the total surface area. For the first 600 min of hydration, the surface area was the highest for FA-10 sample followed by FA-30 and FA-50. The IP samples had lower surface area compared to the FA counterparts for the first 600 min of hydration. At early age, the effect of particle size can be observed by lowering both particle size and concentration that led to higher surface area during the early age of hydration. The early-age surface area data suggest that increase in surface area from grinding the volcanic ash facilitates Figure 3 a Specific surface area at early age during the first 600 min of hydration, b surface area 6 and 58 days of curing.
involvement of the ash during the gelation process. Increases in surface area are attributed to initiation of the gelation process as the clinker particles are dissolved and subsequently agglomerate [39] . At early age, the high surface area is attributed to an increased capacity for the volcanic ash to react with the free water, forming chemically bound water inside the calcium-silicate-hydrate gels. Furthermore, this work supports past quasielastic neutron scattering (QENS) results that demonstrated the presence of free water for mixes where higher concentrations and largersized volcanic ash partially replaced Portland cement [9] .
Furthermore, first-day reactions have further implications on the amount of remaining available unreacted volcanic ash and free water, as can be seen on 6-and 58-day data (Fig. 3b) . For example, FA-50 had a higher specific surface area than IP-50 up until day 6 because finer volcanic ash particles had a higher surface area interface since free water is available for the reaction. Since these samples were prepared with a water-to-cement (w/c) ratio of 0.35 to ensure that sufficient free water is available even after the cement paste is hydrated. After 58 days of hydration, the specimens with higher volcanic ash concentration produced higher surface area which is in contrast as compared to the early-age data (refer to Fig. 3a) . For IP-50, there was more free water remaining by day 58 such that the earlier hydration products continued to react until day 58 using the remaining free water. Therefore, IP-50 had a higher specific surface area calculation than FA-50 at day 58. This suggests that addition of higher concentration of volcanic ash facilitates secondary pozzolanic reaction due to the availability of free water, which is available in high concentration of volcanic ash-OPC combinations. Although an analysis of the specific surface area can show the timing and extent of hydration reactions, it does not provide any insight as to which reaction and which hydration products are involved. Nevertheless, these results can be complemented by a phase analysis of in situ WAXS data, which provides insight about which phases are present at each specific time.
In situ wide-angle X-ray scattering (WAXS) WAXS data were collected for hydrating OPC from 7 to 120 min as shown in Fig. 4 . As expected of standard OPC cement paste, consumption of C 3 S phase and crystallization of calcium hydroxide was observed in this control sample. As the hydration proceeded, a decrease in the C 3 S peak along with corresponding increases in Portlandite and C-S-H in the form of rosenhahnite [Ca 3 Si 3 O 8 (OH) 2 ] was detected. Rosenhahnite is attributed to the reflection of the C-S-H family [40, 41] . This phase is responsible for the crystal growth of the C-S-H particulates, thus facilitating the seeding effect in the C-S-H gels [42] .
WAXS analysis for IP-30 and FA-30 at 6, 29, 52, 74, 97 and 120 min is shown in Fig. 5a , b, respectively. Addition of IP and FA volcanic ash led to the formation of gismondine and heulandite-Ca, respectively, which is related to the formation of calciumaluminum-silicate-hydrate (C-A-S-H) gels. Furthermore, C-S-H phases in the form of rosenhahnite and oyelite were observed among IP-30 and FA-30, respectively.
Presence of gismondine indicated traces of intermediate C-A-S-H gel phase due to the presence of alumina content in the volcanic ash. Moreover, gismondine has been attributed to encapsulated water ions and thus at a later stage could facilitate additional hydration [43] , as seen by USAXS analysis. Occurrence of heulandite-Ca was detected among FA-30 samples and was observed due to the increase in Al and Ca content from the volcanic ash. It has also been observed that these zeolitic-type phases are expected to precipitate within these binders and contribute to additional strength of the cementitious matrix [44, 45] .
It is important to note that the regular volcanic ash was ground in a high-speed ball mill to a finer size and during grinding a temperature increase of up to 100°C may have contributed to the destruction of the heulandite crystals. Zeolites which are neocrystallized due to heating are difficult be detect via XRD. A previous study showed that zeolites that are altered and destructed due to heat are responsible for precipitation reactions that increase the pozzolanic activity of the cementitious binders [45] .
C-S-H phases of rosenhahnite [Ca 3 Si 3 O 8 (OH) 2 ] and oyelite (Ca 10 B 2 Si 8 O 29 Á12.5H 2 O) were detected among IP-30 and FA-30 specimens, respectively. Rosenhahnite is related to the C-S-H family, whereas oyelite belongs to the tobermorite group [46] . Oyelite is a 1.4-nm tobermorite structure with the bridging tetrahedral either missing or replaced by borate groups. Using nuclear magnetic resonance (NMR), oyelite has been assigned to dimers (Q 1 ) or to Q 2 sites affected by BO 4 in oyelite [47, 48] . These results illustrate that grinding the volcanic ash from 17 to 6 lm resulted in changes in the C-S-H structure. This suggests that changes in the base volcanic ash structure led to different crystallized forms of C-S-H, although these changes may also be attributed to a temperature increase undergone during grinding. It is interesting to note that in FA samples, a zeolitic phase of scolecite was detected at 29 min of hydration, but this strong peak disappears after 52 min (see Fig. 5b ). This zeolitic phase was not observed among IP samples as shown in Fig. 5a . Scolecite phase [CaAl 2 Si 3 O 10 Á3(H 2 O)] is commonly observed in basaltic rock 226-282 m below the Earth's surface [49] . This phase is attributed to the 6-lm volcanic ash that did not begin to react until between 29 and 52 min of hydration. Furthermore, these zeolitic phases such as scolecite were not observed among IP-30 during the first 120 min of hydration. This suggests that grinding IP (17 lm) to FA (6 lm) helps in early-age reactions of the zeolitic phases by involving the volcanic ash in the hydration reaction.
WAXS analysis for all samples after 58 days of hydration is given in Table 4 . The IP-10 sample showed the presence of a-C-S-H and rosenhahnite, while IP-50 had only a-C-S-H and more C-A-S-H geldominated phases (heulandite-Ca and chabazite-Ca). In contrast, all the FA combinations showed different forms of C-S-H phase, whereas FA-10 did not show any major C-A-S-H phases as compared to FA-30, which had traces of heulandite-CA, and FA-50, which had traces of yugawaralite and gismondine phases. Furthermore, more than 30% substitution of volcanic ash facilitated domination of C-A-S-H gel phases for both IP and FA samples. This also suggests that grinding the volcanic ash facilitated formation of C-S-H phases than of C-A-S-H gel, which could be correlated with transformation in the crystal structure due to heat produced while grinding. Studies have shown that subjecting natural pozzolans to low thermal heating facilitates pozzolanic reactions that result in additional C-S-H that contributed to higher strength in comparison with the non-heated pozzolans in Portland cement-based systems [45] .
After 58 days, hydration of cement paste was affected by atmospheric carbonation by forming different polymorphs of carbonates. IP-50 showed the presence of vaterite, whereas the other samples had the presence of calcite and aragonite. The absence of calcite peaks and occurrence of vaterite in IP-50 suggests that carbonates are forming inside the calcium-aluminate-hydrate phases and inside the C-S-H gels [48] .
IP-50 showed traces of dolomites, while brucite, which is a crystalline form of magnesium hydroxide, was observed FA-10, FA-30 and IP-10 samples. It is known that C-S-H can incorporate Mg ions in the form of brucite, which results in the reduction of Portlandite and hinders the precipitation reaction that leads to the formation of C-S-H and Portlandite phases [50] . Additional alumina and silica from the volcanic ash may have reacted with the available Mg to form magnesium-silicate-hydrate (M-S-H) (3MgOÁ2SiO 2 Á2H 2 O), which is amorphous in nature. Subsequently, the crystallization of the Mg(OH) 2 byproduct would lead to the formation of brucite. The following equation shows the formation of M-S-H gels [51] .
Previous study on a nanometer scale revealed that C-S-H gels form polydisperse multilayer disks, while M-S-H globules are a combination of small and large polydispersed spheres in the range of 30-50 nm diameter [22] . The differences in the basic building blocks of C-S-H and M-S-H phases reflect the distinction in the morphological phases at larger length scales. The differences in shape, length scale and density between the M-S-H and C-S-H gels lead to compatibility problems. Moreover, M-S-H gels are weaker in strength than C-S-H gels due to the presence of increased porosity in the M-S-H gels. Recent strength studies have shown that greater than 30% addition of volcanic ash to OPC contributed to lower compressive and flexural strengths [23, 25] .
Overall Discussion
Advanced synchrotron techniques were used to observe the early-age hydration behavior when two different-sized natural pozzolanic volcanic ashes were each used as a partial substitute to Portland cement. Combining USAXS, SAXS and WAXS data with SAS and XRD-like data analysis techniques helped in understanding the morphology and growth of the cementitious products ranging from angstrom to micron size that could have affected the surface area during the hydration process. USAXS-SAXS-WAXS provides vital insights into the mix design when additives are used as supplementary cementitious materials along with OPC to prepare engineered concretes. USAXS data analysis at low Q regime between 0.0001 and 0.001 Å -1 showed that concentration and particle size of volcanic ash played a major role in controlling the microstructural growth resulting in larger features for IP-50 which corresponds to 50% substitution of OPC with finely ground volcanic ash (17 lm). The medium Q analysis in the range of 0.001 Å -0.01 Å -1 provided critical insight into the fractal structure of the resulting hydration product that could affect the surface roughness depending on the amount and particle size of the volcanic ash substitution. High Q analysis (0.01-1 Å -1 ) probes the smaller features, and this analysis concluded that remnant unreacted IP volcanic ash (17 lm) itself contributed to scattering. Furthermore, high Q analysis showed that finer the size of volcanic ash higher was the surface area during early age (up to 10 h) while at the later age (58 days), the volcanic ash itself can contribute to partial hydration that resulted in increased surface for 50% substituted samples.
WAXS analysis revealed phases related to three major building blocks, C-S-H, C-A-S-H and M-S-H. Addition of regular-sized volcanic ash (17 lm) contributed to C-A-S-H-and M-S-H-related phases due to increasing Al, Si and Mg content from the volcanic ash. However, specimens prepared with fine ground ash (6 lm) were dominated by C-S-H-related phases. Since C-S-H has a disk-like polydisperse shape and M-S-H possesses a spherical morphology, the disparity among these shapes may have led to increases in surface area among samples with high volcanic ash substitution (IP-50 and FA-50).
These results show that greater than 30% substitution of volcanic ash leads to unreacted volcanic ash and coarser morphology, which could influence the mechanical properties of the resulting hydration products. The study also provides insights into predissolution period, which could affect the resulting gel formation leading to multi-component morphology. This work indicates that supplementary cementitious materials such as volcanic ash form a complex morphology and affect the early-age evolution of gels. Therefore, additional studies are required to characterize the pure synthetic C-S-H, C-A-S-H, M-S-H and combinations of these gels using USAXS and WAXS techniques.
However, caution has to be observed when analyzing hydration of cements with X-rays because they can expedite the setting time during the initial course of hydration. This trend is difficult to observe with neutron scattering, which detected a steady decrease in intensity, while the X-ray scattering first detected an increase followed by a decrease in intensity. The decrease in intensity suggests that the clinker grains are converted to a much finer scale, developing a nanoscale gel-like morphology related to C-S-H-type hydration products of approximately 5 nm in size [52] . The gelation process is accompanied by nucleation and growth, followed by reorganization, which continues in subtle ways even after the cement paste is completely hydrated. Furthermore, the variation in the scattering intensity is attributed to the gel/pore interface that is developed during early age of hydration [34] .
Conclusions
Cement paste is a highly used, but energy-intensive, material for which volcanic ash, an abundant and natural resource, is a sustainable alternative. Thus, this study explored mixes of ordinary Portland cement substituted by different amounts (10, 30 and 50%) of pozzolanic volcanic ash. Powerful and noninvasive techniques (USAXS and WAXS) were used in situ to better understand the nano-and microstructures during early-age hydration.
The current work provides vital insight into the colloidal aspects of early-age kinetics when volcanic ash, a natural additive, is used as a partial substitute to Portland cement. The current study is the first study to use USAXS and WAXS to study mixes of volcanic ash and OPC at different concentrations. The suspended colloidal particles formed at the early age of the hydration reaction of cement pastes blended with volcanic ash were examined by following the scattering intensity and surface area via USAXS and by identifying phases using WAXS during the dissolution and gel initiation stage.
The main findings are as follows:
• The intensity analysis at different Q values showed that 10% FA ash (mean value of 6 lm) was more involved in the hydration process, whereas 50% ash with 17 lm (IP-50) to the mix led to coarser microstructural products.
• The specific surface area results suggested that grinding the volcanic ash to 6 lm facilitated involvement of volcanic ash with OPC resulting in increased surface area which is partially attributed to the formation of C-S-H, C-A-S-H and M-S-H.
• WAXS studies showed that addition of volcanic ash facilitated the formation of C-S-H-related phases whereas inclusion of coarser volcanic ash was dominated by C-A-S-H and unreacted MgO phases suggesting un-involvement of volcanic ash in the hydration process.
• Increase in surface area per unit volume was observed as the volcanic ash content increased in the mix, suggesting a multi-component hydration product formation. The data showed that inclusion of volcanic ash greater than 30% led to a coarser morphology by affecting the initial predissolution period, and it led to abrupt dissolution that could retard gelation of hydration products.
• The concentration of volcanic ash impacts the morphology and surface area, and it suggests an optimum limit for substitution of Portland cement with volcanic ash lies between 10 and 30% substitution.
Based on the above finding, this work contributes to a gap in research on natural cementitious materials, in spite of its first use by the ancient Romans almost 2000 years ago [3] . It provides a basis for future studies that tailor natural pozzolans-like volcanic ash as an effective additive for developing durable cements for specific applications. Additionally, it provides a basis for studying the influence of volcanic ash on individual hydration products (C-S-H, C-A-S-H and M-S-H) which could significantly affect the chemo-mechanical properties of engineered cementitious binders.
